Resonant piezoelectric spectroscopy shows polar resonances in paraelectric SrTiO 3 at temperatures below 80 K. These resonances become strong at T < 40 K. The resonances are induced by weak electric fields and lead to standing mechanical waves in the sample. This piezoelectric response does not exist in paraelastic SrTiO 3 nor at temperatures just below the ferroelastic phase transition. The interpretation of the resonances is related to ferroelastic twin walls which become polar at low temperatures in close analogy with the known behavior of CaTiO 3 . SrTiO 3 is different from CaTiO 3 , however, because the wall polarity is thermally induced; i.e., there exists a small temperature range well below the ferroelastic transition point at 105 K where polarity appears on cooling. As the walls are atomistically thin, this transition has the hallmarks of a two-dimensional phase transition restrained to the twin boundaries rather than a classic bulk phase transition.
Strontium titanate, with its subtle and complex phase transitions, was once described by Nobel prize-winner Alex Müller [1] as the ''drosophila of solid state physics,'' after the ubiquitous fruit fly whose many changes of structure formed the basis for much of modern genetics. And despite literally hundreds of publications on it, its lowtemperature behavior still remains quite enigmatic.
Spurred on by a strong resemblance between the nonmonotonic wave vector dependence of its acoustic phonon branch, which strongly resembles roton dispersion in liquid helium, plus a kink in its order parameter temperature dependence near 35 K, Müller proposed ''super'' properties of SrTiO3 [1] (also Ref. [2] ); these are now viewed as arising from more pedestrian origins and not super at all. Shortly thereafter Courtens et al. [3, 4] , based upon a small unexplained splitting in transverse acoustic phonon energies, proposed the existence of second sound in the same temperature range [5] , the present consensus is that this arises from small displacements of Sr ions along [111] directions that lower the tetragonal symmetry below $70 K and remove vibrational mode degeneracies. But the strontium titanate saga continues, exacerbated or enhanced by the ferroelectricity of O-18 SrTiO 3 and by the novel superconductivity of semiconducting strontium titanate of both oxygen isotopes [6] . The interest in the properties of SrTiO 3 at very low temperatures has recently been enhanced by the discovery that its structure is not the centrosymmetric D4h known since 1968 [7] , but a triclinic structure created by small Sr displacements along [111] directions convoluted with the oxygen-octahedron counterrotations (locally this structure will be acentric with point group symmetry 1, but globally it may average to a centered 1 symmetry). This may have serious implications for superconductivity in SrTiO 3 , a subject of recently renewed interest. First, it means that the superconductivity is in a material lacking inversion symmetry, which in turn implies spin-triplet mechanisms [8] . Second, the symmetry lowering from tetragonal to triclinic below $60 K complicates the band structure and thereby relates to the newly discovered ''dome structures'' in the superconducting phase diagram [9] . Even in the tetragonal phase above $60 K strontium titanate exhibits light-and heavy-electron bands, but the triclinic distortion will split them by crystal fields into xy-like, yz-like, and zx-like subbands. (In CdS the light and heavy hole bands are p like, deriving from the oxygen 2P states, and hence are x or y like with a hexagonal crystal field. However, in SrTiO 3 the heavy electrons are d like, originating from Ti d states, and lowering the symmetry from tetragonal to triclinic below $60 K will introduce an additional splitting.) Third, the Sr-[111] disorder will produce a huge increase in the optical phonon density of states available for Cooper pairs at T < 60 K, not yet considered in models of SrTiO 3 superconductivity. And finally, as shown in the present Letter, SrTiO 3 single crystals exhibit ferroelectric polarization, at least locally.
In order to understand the effect of microstructures it is crucial to realize that SrTiO 3 is perhaps unique among
week ending 13 DECEMBER 2013 0031-9007=13=111(24)=247603 (5) 247603-1 Ó 2013 American Physical Society ferroelastic materials in the fact that ferroelastic twin walls in the tetragonal phase remain highly mobile under externally applied stress at all temperatures down to at least 15 K [10] . More normal behavior would involve the twin walls becoming pinned and immobile at some low temperature, as typified for example by LaAlO 3 [11] . Here we bring together these two strands of remarkable effects, i.e., the unique twin wall mobility and the local instabilities relating to the proximity to a ferroelectric transition. The key ingredient is the observation that weak, high-frequency electric fields lead to large elastic resonances at temperatures below 80 K with a major effect below 40 K. This sudden appearance of polarity is understood to be located in the ferroelastic domain walls because there is no indication that the bulk of the materials suddenly becomes piezoelectric. Wall related polarity was anticipated by Salje et al. [12] and polar twin walls were recently observed in structurally closely related CaTiO 3 [13, 14] . There have been several earlier indications that microstructures in SrTiO 3 are polar. The first relates to grain boundaries [15] . More recently, a similar suggestion was made for twin boundaries by Zubko et al. [16] . To our knowledge the present observations are the clearest indication yet that wall polarity exists in SrTiO 3 at low temperatures. Relaxing the structural constraints at 0 K by ab initio simulations [17] has claimed massive piezoelectricity in a hypothetical orthorhombic phase which we do not confirm in this study (the piezoelectric effect was speculated to be larger than in piezoelectric quartz).
To detect the weak polarity in SrTiO 3 , we have developed an experimental technique, labeled resonant piezoelectric spectroscopy, RPS. The experimental arrangement in Fig. 1 involves the application of an ac voltage across the sample. The applied voltage leads to the oscillation of domain boundaries through the piezoelectric effect in the sample, which creates strain fields proportional to the electric field [18] . The resulting elastic wave becomes resonant if its frequency corresponds to one of the natural frequencies of the sample. What makes RPS sensitive to microscopic or macroscopic polar ordering is this mechanical resonance condition, which enhances the amplitude of the elastic wave enormously. Resonant elastic standing waves, (i.e., mechanical resonances), are then detected using a piezoelectric transducer, similar to resonant ultrasonic spectroscopy (RUS) [19, 20] . As both RPS and RUS excite the mechanical resonances of the sample, one would expect an overlap of some of the resonance frequencies. However, the mechanism for the excitation of elastic waves is quite different in the two techniques: RPS uses the piezoelectric effect inherent to the sample to excite elastic resonances, in RUS these resonances are mechanically excited using an emitter transducer, which would be in contact with the top corner of the sample in Fig. 1 .
We tested the novel RPS technique using the wellknown ferroelectric material BaTiO 3 [21] . RPS measurements have found that the signals are very strong in the ferroelectric phase and that additional strong signals also appear as precursor effects above the transition point between the cubic and tetragonal phase. RPS amplitudes of mechanical resonances of BaTiO 3 at room temperature are larger than those in SrTiO 3 at low temperatures by more than 2 orders of magnitude. Such an enormous difference in amplitude reflects the fact that BaTiO 3 possesses a macroscopic polar order whereas SrTiO 3 is polar only at the nanoscale, i.e., in its ferroelastic domain walls. In addition, we compared the sensitivity of RPS with second harmonic generation (SHG) and found that RPS is slightly more sensitive than SHG [22] . Based on this observation we are confident that RPS does indeed allows us to study collective polarity, namely the generation of standing elastic waves by weak electric fields.
The sample of SrTiO 3 used in RPS and RUS experiments was a single crystal cut in the shape of a rectangular parallelpiped with dimensions of 5:107 Â 2:654 Â 3:229 mm 3 [23] . For RPS measurements, the largest parallel surfaces were covered with silver paste to apply an ac voltage of 25 V across the sample. To switch from RPS to RUS experiments, the ac voltage was applied across the top transducer (Fig. 1) . Each spectrum collected with RPS or RUS contained 50 000 data points between 20 kHz and 1.2 MHz. Data were collected in heating sequences using a low temperature cryogenic system described elsewhere [24] . RUS peak frequencies of selected resonance peaks were determined using an asymmetric Lorentzian profile. For RPS, frequencies were determined manually due to the sharp Fano profiles of mechanical resonances [25, 26] . In addition, peak amplitudes (in volts) were determined manually, i.e., by subtracting the maximum point of the resonance profile from the minimum point. A similar approach was used for RUS peak amplitudes.
RPS spectra, collected between 15 K and 100 K [ Fig. 2(a) ] display 5 peaks. In Fig. 2(a) , we show, as an example, two resonance features with a Fano-like profile located around 1 % 40 kHz and 2 % 85 kHz. Upon heating, the amplitudes of both features decrease and disappear above T Ã % 80 K as shown in Figs. 2(b) and 2(c) . The detailed temperature dependencies of frequencies are different for these peaks. 1 decreases continuously on heating up to % 80 K while 2 shows strong intensities only below 35 K. In order to identify these features, we performed RUS experiments. As shown in Fig. 2(d) , two mechanical resonance peaks are also visible in RUS spectra for temperatures between 15 K and 120 K. Figure 3 shows the temperature dependence of the squared frequencies of the resonances; an important point to emphasize with respect to Fig. 3 is that below T Ã the temperature dependence of the piezoelectric response exactly matches that of the resonant ultrasonic response; since the latter is a purely bulk property, the piezoelectric resonance cannot arise from surface effects [27] . A noticeable difference between 1 and 2 is their temperature dependence which is due to their respective effective elastic constants. The square of a resonant frequency is proportional to the effective elastic constant associated with that mode, which is usually a combination of bulk and shear elastic constants [19] . The resonance modes are dominated by shear waves, however. The temperature evolution of 2 1 at T c suggests that 1 mainly depends on the elastic constant combination C 11 À C 12 [23, 28] while 2 depends primarily on C 44 [23, 28] .
It is worth noting that RPS resonance frequencies and damping coefficients do not depend on experimental details while amplitudes depend on the position of the sample with respect to the acoustic receivers. This problem is the same as in RUS and amplitude measurements usually state whether a sample can be excited (rings) or not, while virtually no numerical amplitude data have ever been published for RUS. In this Letter we show such amplitude data (maximum of the piezoelectric receiver voltage at the resonance frequency) in Fig. 4 to demonstrate that the piezoelectric effect observed using RPS is comparable in their mechanical amplitudes to RUS amplitudes and is well outside the experimental error margins. The experimental error of the amplitude data is estimated to be around 10%. As shown in Fig. 4(a) , the RPS amplitude of 1 starts to gradually increase upon cooling below T Ã and peaks at % 37 K, which is followed by another increase at $20 K. The RPS amplitude of 2 [ Fig. 4(b) ] is very small between T Ã shows segments of RUS spectra in the same frequency interval as in panel (a) for comparison. The spectrum shown in green was collected at the cubic-tetragonal ferroelastic transition temperature T c ¼ 105 K. In all panels the left axis represents the amplitude and the right axis gives the temperature at which each spectrum was collected. FIG. 3 (color online) . The temperature evolution of the frequency of the mechanical resonance 1 (black, filled circles and empty, red circles) and 2 (black, filled squares and empty, red squares) determined using RPS and RUS. The agreement of results from RPS and RUS confirms that Fano-like features observed in the RPS spectra correspond to mechanical resonances of SrTiO 3 , giving direct evidence of polarity in SrTiO 3 .
and % 35 K and it rapidly increases at lower temperatures with a peak located around % 20 K. RUS amplitudes of 1 and 2 are shown in Fig. 4 for comparison. A significant drop at T c in the peak amplitudes is followed by a peak near 50 K, which clearly differs from the temperature evolution of the RPS amplitudes. The contrasting behavior of RPS and RUS amplitudes shows that the piezoelectric effect in SrTiO 3 is enhanced at low temperatures. The appearance of resonance modes in RPS spectra somewhat coincides with the temperature at which the central 1=2 $ À1=2 87 Sr NMR transition line of SrTiO 3 splits for a magnetic field of 9.2 T parallel to the [111] direction [6] , which is presented in the inset of Fig. 4(a) (see Supplemental Material for experimental details of NMR measurements and data analysis [29] ). The central 87 [29] .
The present work reveals an unexpected novelty in that the material is polar, but only on the nanoscale and not as a bulk homogeneous property. The polarity is limited to domain walls, and its onset (at % T Ã ) correlates reasonably well with local triclinic distortions most probably related to the Sr-ion displacements along [111] directions measured by 87 Sr NMR [6, 29] . Here, the temperature T Ã is not well defined because we are not dealing with a bulk collective transition. Increases in RPS peak amplitudes with decreasing temperature suggest that the onset of polarity in the domain walls is gradual and that the high twin boundary mobility appears only after a minimum amount of polarity is accumulated in the twin walls. The difference between the temperature dependencies of RPS amplitudes can be explained by the respective effective elastic moduli of the resonances 1 and 2 , C 11 À C 12 and C 44 . At temperatures above T c , the resonance 1 was observed with weak amplitudes. We attribute its existence above T c to flexoelectric effects [16] . Taking into account that the ratio of RUS to RPS amplitudes of the resonance 1 above T c is an order of magnitude larger than the ratio below T c , one can see the aforementioned flexoelectric effects are very weak compared to the piezoelectric effect in the ferroelastic domain walls below T Ã . The observed onset of polarity related to twin walls was predicted by Morozovska et al. [30] based on the coupling between the gradient of the ferroelastic order parameter and the polar displacement. The same effect was also predicted by biquadratic coupling between two order parameters, namely the tilt and the polarization [31, 32] . The difference between the two coupling schemes is related to an artifact of the continuum approximation: only a few atomic layers inside the twin walls will be affected by the coupling. These atoms are either identified by a vanishing ferroelastic strain (biquadratic order parameter coupling) [31, 32] or by a large spatial gradient of the same strain (gradient coupling) [30] . The small number of wall atoms can be described by several analytical functions which all relate to the same physical displacements of the polar mode. It is no surprise that the various coupling schemes lead to very similar results. The elastic effect of the antiphase boundaries is much smaller and not expected to excite mechanical resonances in RPS.
In summary, we report a new experimental method to detect standing elastic waves induced by piezoelectricity. Piezoelectricity is observed below 80 K and becomes   FIG. 4 (color online) . The temperature evolution of the amplitudes of the mechanical resonances 1 and 2 observed using RPS and RUS measurements on SrTiO 3 . (a) RPS (filled blue circles) and RUS (red empty circles) amplitudes of 1 . The inset in part (a) shows the temperature dependence of the central 1=2 $ À1=2 87 Sr NMR transition at 9.2 T for B k ½111 in SrTiO 3 which is split into three components at T < T Ã % 75-80 K. The black squares represent the central NMR component that exhibits tetragonal symmetry whereas the triangles are the frequencies of satellite peaks, which exhibit nontetragonal symmetry. (b) RPS (filled blue circles) and RUS (red empty circles) amplitudes of 2 . The uncertainty in RPS and RUS amplitudes is estimated to be 10%, which mainly stems from the mechanical coupling between the sample and transducers which may change by thermal contraction. strong below 40 K. The elastic standing waves are driven by oscillation of polar twin boundaries. The demonstration of piezoelectricity in domain walls using RPS opens the door for systematic investigation of polar domain boundaries and represents a major step forward in the production and engineering of domain boundaries as functional structural elements [12] . These results also may affect the detailed modeling of superconductivity in strontium titanate [9] . They confirm a symmetry lower than the longaccepted D4h; they imply a very large increase in phonon density of states below $50 K; they support a crystal field splitting of light and heavy electron bands; and they show that due to local polarity, spin-triplet superconductivity is most likely. E. K. H. S. is grateful to EPSRC (RG66344) and the Leverhulme Foundation (RG66640) for support. RUS facilities in Cambridge were established through support from the NERC (NE/B505738/1) to M. A. C.
